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Abstract
The object of research is hypoeutectic cast iron intended for cast parts operating under abrasive friction conditions. Such 
parts are mixer blades, the operational properties of which include durability, assessed by abrasion resistance and strength. To give 
the blades such properties, cast irons, which are materials of the blades, are alloyed with elements that contribute to the formation 
of carbides of various compositions. The main problem that impedes the targeted selection of materials for mixer blades or finished 
blades from different materials or different chemical composition is the lack of substantiated selection criteria. If the shipment is 
carried out only with the provision of data on the chemical composition of the alloy, it is necessary to be able to evaluate the expected 
mechanical properties, in particular abrasion resistance and strength.
Using the methods of regression analysis, a mathematical model has been obtained that includes two regression equations, 
which allows for a targeted selection of the chemical composition that provides the maximum possible value of mechanical properties 
– ultimate strength and coefficient of wear resistance. Optimization of the chemical composition, carried out according to this model, 
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made it possible to determine the following chemical composition: C = 2.94 %, Ceq = 3.3 %, Ti = 1.56 %, providing the maximum 
ultimate strength σb = 391 MPa; C = 2.78 %, Ceq = 3.14 %, Ti = 1.61 %, providing a maximum wear resistance coefficient Kwr = 12 %.
In the case of priority of the strength criterion, the calculated optimal chemical composition makes it possible to reduce the 
mass-dimensional characteristics of the mixing units of the mixers.
A procedure is proposed for using this model to select a batch of blades with the expected best performance properties.
Keywords: mixer blades, wear resistance coefficient, ultimate strength, hypoeutectic cast iron, alloying.
DOI: 10.21303/2461-4262.2021.001830
1. Introduction
Improving the performance of mixers used in agriculture puts forward a number of specific 
design requirements. They relate to the need to satisfy several requirements at once, and sometimes 
the opposite. It can be high productivity and high reliability of the most loaded parts and assemblies 
while ensuring the specified requirements for the quality of the mixed product. It is also important 
today to meet the requirements for reducing the energy consumption of mixers, which is associated 
with the need to reduce the mass-dimensional characteristics while maintaining high efficiency at the 
same loads on the working bodies. Some of the most important parts for which these requirements 
must be met are the mixing elements, in particular the mixer blades. The available literature data 
make it possible to identify typical directions for improving the designs and materials of mixer blades.
In [1] the actual problem of increasing the service life of the used paddle mixers is consi-
dered. The existing methods of ensuring the wear resistance of mixer blades are presented, their 
advantages and disadvantages are indicated. The results of laboratory studies of the wear rate of 
thermal gas coatings from various powder mixtures of the Ni-Cr-B-Si system under abrasive wear 
conditions are presented. The results of operational tests of prototypes under conditions of corro-
sion-abrasive wear during the operation of a paddle mixer are presented. The composition of the 
powder mixture has been developed to ensure the maximum wear resistance of the mixer blades.
In [2] it is indicated that the use of drum mixers allows to obtain feed mixtures of high uni-
formity, eliminating the phenomenon of segregation and the formation of «dead» zones. The pre-
sence of radial vanes inside the chamber distributes the mixing body and increases surface flows, 
which improves the redistribution of material along the mixing axis.
In [3], the problem of obtaining mixtures of bulk materials, which is relevant for various indus-
tries, is considered. The considered drum mixers are characterized by a negligible effect on the mixed 
material and can be used in technological schemes that require minimal particle damage. The presen-
ted mixer designs have small dimensions and low energy consumption. They provide good smoothing 
of complex input fluctuations by means of volumetric metering. The time of the mixing process in 
them does not exceed a few minutes, and various volumetric compositions provide good quality.
The described design solutions are based on general engineering approaches and require im-
provement with the use of modern modeling and design tools, which allow at the development stage 
to take into account many important factors affecting performance. The operating conditions of the 
blades during operation make it possible to consider them in general as a typical part operating on 
abrasive friction, regardless of the media to be mixed. From this position, it is possible to analyze the 
main research tools used for such typical parts, conditions and indicators of their operation. For exam-
ple, [4] used discrete element modeling (DEM), which is rapidly spreading as a modeling tool for an-
alyzing processes associated with solid particles. And also to meet the technological needs of various 
aspects of the pharmaceutical, food and detergent processing industries. Examples include evaluating 
parameters that are difficult to measure or evaluate experimentally (e. g., internal flow fields and 
mixing patterns), and facilitate the scaling of particulate processing from laboratory to pilot plant.
In [5], the flow field in a cylindrical container driven by an impeller with flat blades was con-
sidered. The studies were performed using particle imaging velocimetry (PIV). The results showed 
that vortices were formed at the ends of the blades that rotated with them. As the blades moved 
closer to the wall, the vortices interacted with the induced boundary layer on the wall, enhancing 
both vorticity regions. Stirring was evaluated using zero-mass convection particles by numerically 
integrating experimentally obtained velocity fields. Mixing data confirmed the location of high 
Original Research Article:
full paper




mixing areas and barriers shown by LCS analysis. The results showed that mixing increased in the 
region described by the blade movement when the blade was positioned close to the cylinder wall.
[6] uses a discrete element method to simulate the mixing process of solids in a horizontal 
ribbon mixer with a double U-shaped vessel. The mixing index, that is, the so-called Lacy index, 
is adopted to assess the mixing quality of the particles. The effect of operating and geometric pa-
rameters, including initial loading, particle size, impeller speed, and internal blades, on particle 
mixing quality was investigated. The results show that the initial load and the impeller speed have 
a significant effect on the mixing quality of the particles, while the other two parameters have 
a relatively small effect. Moreover, the influence of each parameter on the mixing quality was 
explained by using the components of the relative velocity between the centroids of the particles 
after the collision. This ribbon blender provides much more intense relative particle motion in the 
vertical direction than in the axial and lateral directions.
In [7], a study of mixing in industrial mixers is carried out using the Advanced DEM-CFD 
method. It has been found that rotation speed, fill level, fluid viscosity and blade tilt can signifi-
cantly affect mixing efficiency. Due to the significantly enhanced convective particle motion, the 
higher rotation speed provides a more efficient mixing process. Fewer particles inside the vessel 
show better mixing performance due to the increased diffusion motion of the particles. Decreasing 
the viscosity of the fluid or increasing the angle of the blade can also lead to more efficient mixing 
in the dominant diffusion mode.
In [8], methods of analytical construction of the profile of the mixer rotor blades are con-
sidered, as well as mathematical modeling of their work on moving and mixing bulk materials on 
a conveyor to increase the efficiency of the mixing process of raw materials and optimize its ope-
rating costs. The rational parameters and geometric characteristics of the profile of the rotor mixer 
blades were determined, which contribute to improving the mixing quality of the metallurgical 
charge transported on the conveyor belt.
In the study [9], a soft metal with low wear resistance (6000 series aluminum) was used to mi-
nimize the operating time at the maximum wear rate of the blades. Recommendations were developed 
for the use of different types of blade configurations, as well as their location relative to each other.
In [10], general information is provided on the technology of preparation of feed and feed 
mixtures, in which various machines, units and technological complexes are used. The choice of 
technological equipment for the preparation of feed for feeding largely determines not only the quan-
tity and quality of products obtained from animals and poultry, but also the health of these animals.
Based on the results of the analysis [1–10], it can be concluded that the reasonable choice of 
the material of the blades is not represented properly, which is especially important in the design 
of mixers. Mixer blades during operation are in a state of abrasive friction and their durability is 
determined by the quality of the alloy from which they are made. The use of alloy steels for these 
purposes requires the implementation of a complex of technological processes aimed at ensuring 
the specified strength characteristics of the working surface. Such characteristics are obtained, 
for example, by promising technologies of nitriding [11] or boriding [12] and are estimated by the 
surface hardness and the depth of the diffusion layer. Requirements to reduce the cost of manufac-
turing blades while ensuring high operational properties necessitate the search for the most suitable 
alloy. Such alloys can be cast irons alloyed with various elements: Cr, Ni, Cu, Ti, V, which impart 
the required properties to cast iron [13–15].
Manufacturing blades from white cast iron may be preferred over alloy steels. It is especial-
ly important to choose the chemical composition of white cast iron, usually alloyed with boron, in 
order to impart high wear-resistant properties. However, one can’t be limited only by the choice of 
boron as an alloying element. Known production data on the effective use of titanium as an alloying 
element, used either in conjunction with boron [16], or independently [17]. This choice is justified 
by the fact that when alloying low-carbon hypoeutectic cast iron, its structure consists mainly of 
decomposition products of austenite, ledeburite, inclusions of titanium carbide and acicular cemen-
tite (Fig. 1) [17]. Such a structure provides a lower value of hardness compared to cast iron alloyed 
with boron, but a comparable wear resistance coefficient, estimated by determining the loss of 
mass during friction by comparison with a reference sample.
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Fig. 1. Microstructure of cast iron with carbon content <2.5 %, alloyed with titanium, ×500
Such cast irons can be smelted in induction furnaces, allowing:
– quickly introduce and distribute alloying materials [18];
– overheat the alloy to temperatures that ensure the formation of a given microstructure [19–21];
– regulate the temperature and slag conditions, ensuring the stability of the chemical com-
position of the alloy [22].
However, the availability of separate production data on the chemical composition of the 
alloy, its mechanical properties and the peculiarities of the technology of its production, presented 
in [11–22], does not make it possible to systematically assess the influence of the main factors in 
the formation of the microstructure of cast iron on its performance properties. These factors are 
carbon and carbon equivalent, which includes not only carbon, but also silicon and manganese. 
These elements affect the position of the eutectic point on the Fe-C phase diagram and therefore 
affect the formation of the final structure at a given alloy cooling rate. Taking into account the 
fact that alloying with titanium leads to structural changes, it is necessary to consider the com-
bined effect of carbon, carbon equivalent, and titanium on the properties of cast iron. Taking as 
a basis two main indicators of properties that determine the serviceability of cast iron operating 
under abrasive friction – the wear resistance coefficient and the tensile strength – it is necessary 
to build a mathe matical model that allows to reasonably choose the material at the stage of design-
ing the mixing elements of mixers. Such mathematical models belong to the class of «composi-
tion – properties» models [23] and in industrial experiments are constructed by the least squares 
method according to the data of a passive experiment, in particular, using artificial orthogona-
lization [24]. This article is devoted to the construction of such models, which describes the results 
of research aimed at solving the problem associated with the lack of the ability to systematically 
assess the influence of the main factors in the formation of the microstructure of cast iron on its 
operational properties.
2. Materials and Methods
A mathematical model was built that includes two regression equations:
σb = f1(C; Ceq; Ti) 
and 
Kwr = f2(C; Ceq; Ti),
in which the following designations are accepted: σb – tensile strength, MPa, Kwr – wear resistance 
coefficient, %, C – carbon content in the alloy, %, Ceq – carbon equivalent, Ti – titanium content 
in the alloy, %. These equations were considered as a development of the models described in [25], 
which did not take into account the effect of carbon, as one of the main elements affecting both 
the ultimate strength and the coefficient of wear resistance. The first is due to the fact that an in-
crease in the carbon content leads to the development of the graphitization process, as a result of 
which graphite is formed in the microstructure, which plays the role of «notches» in the continuous 
matrix of cast iron, thereby reducing the mechanical strength. The second is associated with the 








resistance properties to the surface. In this case, as noted above, the relative position of carbon and 
carbon equivalent on the Fe-C phase diagram are factors that significantly affect the formation of 
the microstructure, and hence the properties of cast iron.
To construct a mathematical model, a sample of production data given in [26] (Table 1) 
was used.
Table 1
Initial data sample [26]
Chemical composition, % Mechanical properties
C Si Mn C*eq Ti σb, kg/mm2 Kwr, %
2.25 1.31 0.95 2.615 0.32 45.2 6.2
2.37 1.4 0.99 2.76 0.63 44.4 11.54
2.26 1.03 1.01 2.539 0.94 38.8 9.57
2.21 1.53 0.95 2.641 1.69 30 9.44
2.4 1.16 1.14 2.714 2.1 31.1 10.8
2.68 1.08 0.6 2.986 0.37 28.4 8.19
2.69 0.93 1.07 2.937 0.75 27.4 9.7
2.53 1.5 1.02 2.949 1.26 36.2 12.27
2.73 1.1 1.21 3.024 2.94 27.9 9.7
3.13 1.6 0.78 3.587 0.28 20.1 8.26
3.34 1.4 1.1 3.727 0.73 24.5 11.07
3.24 1.4 0.98 3.631 1.54 33.9 9.19
3.34 1.72 0.98 3.827 2.5 17.8 8.07
Note: * – Ceq was calculated by the formula: Ceq = 0.3Si–0.03Mn, %









where хi – normalized value of the i-th independent variable (i = 1 for C, i = 2 for Ceq, i = 1 for Ti), 
xi* – natural value of the i-th independent variable, %, xi – mean value of the i-th independent va-
riable variable, %, Ii – interval of variation of the values of the i-th independent variable.
Table 2 shows the intervals of variation of independent variables, and Table 3 shows the 
results of calculations of their normalized values
The general form of the regression equations was taken as polynomial:
y a a x a x a x a x a x a x a xj j j j j j j j j j j j j j j j= + + + + + + +0 1 1 2 2 3 3 4 12 5 22 6 32 7 1 x a x x a x xj j j j j j j2 8 1 3 9 2 3+ + ,  (2)
where j – index of the output variable: j = 1 for σb, j = 2 for Kwr.
Table 2
Variation of independent variables
Standardization parameters C, % Ceq, % Ti, %
Lower limit of the interval, % 2.21 2.539 0.28
The upper limit of the interval, % 3.34 3.827 2.94
Average value, % 2.775 3.183 1.61
Variation interval, % 0.565 0.644 1.33
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Results of calculating the normalized values of independent variables
C, % x1 Ceq, % x2 Ti, % x3
2.25 –0.929 2.615 –0.882 0.32 –0.97
2.37 –0.717 2.76 –0.657 0.63 –0.737
2.26 –0.912 2.539 –1 0.94 –0.504
2.21 –1 2.641 –0.842 1.69 0.0602
2.4 –0.664 2.714 –0.728 2.1 0.3684
2.68 –0.168 2.986 –0.306 0.37 –0.932
2.69 –0.15 2.937 –0.382 0.75 –0.647
2.53 –0.434 2.949 –0.363 1.26 –0.263
2.73 –0.08 3.024 –0.247 2.94 1
3.13 0.6283 3.587 0.6273 0.28 –1
3.34 1 3.727 0.8447 0.73 –0.662
3.24 0.823 3.631 0.6957 1.54 –0.053
3.34 1 3.827 1 2.5 0.6692
The coefficients of equations (2) were estimated by the least squares method:
 A F F F YT T= ( )−1 ,  (3)
where F – matrix of the experimental design, FТ – transposed matrix of the experimental design, 
(FТF)–1 = С – variance matrix, Y – matrix of output variables (σb and Kwr, depending on the output 
variable for which the regression equation is constructed), А – matrix of estimates of the coeffi-
cients of the regression equations.
To estimate the confidence interval for σb(y1) and Kwr(y2), the lower and upper bounds of 










cr+ = + ,  (5)













∑   exp  – sum of the squares of the deviations of the experimental values of 
the output variables from the calculated ones obtained by the regression equations, ϕ = − +( )N k 1  – 
the number of degrees of freedom, N – the number of experiments (N = 13), k – the number of esti-
mated coefficients for independent variables (k = 9), tcr – critical value of Student’s distribution for 
a confidence level of 95 % and the number of degrees of freedom φ = 3.
The validation of the mathematical model was checked by checking the degree of correspon-
dence of each regression equation to the experimental data. And also by assessing the hit of the 
actual experimental values in the confidence interval with a confidence level of 95 %.
3. Results and discussion
The mathematical model is a system of two regression equations: σb = y1 = f1(x1, x2, x3) and 
Kwr = y2 = f2(x1, x2, x3) and has the form:
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y x x x x1 1 2 3 1
2365 0805 565 9379 613 556 20 5485 3318 2 4182= + − − − −. . . . . .84





1 2 1 3 2 3
x
x x x x x x x
−
− + + −. . . . ,  (7)
 
y x x x x2 1 2 3 1
212 08145 1 917424 2 09456 0 39929 13 2789 14 3= + − − − −. . . . . . 292





1 2 1 3 2 3
x
x x x x x x x
−
− + + −. . . . .  (8)
Tables 4, 5 show the results of statistical processing of the data obtained to validate the 
mathematical model. Table 4 shows that out of 13 experimental points, only 3 points fell outside the 
confidence interval. This allows to consider the model suitable for predicting the value of the ulti-
mate strength, taking into account the fact that for 10 estimated coefficients, only 13 experimental 
points were used in a passive experiment (Table 5).
Table 4
Equation validation evaluation σb = y1 = f1(x1, x2, x3)
y1calc, MPa (y1calc–y1exp), MPa (y1calc–y1exp)2, MPa2 y1–, MPa y1+, MPa y1exp, MPa
452 0 0 431 473 452
407 –37 1369 386 428 444
380 –8 64 359 401 388
323 23 529 302 344 300
322 11 121 301 343 311
346 62 3844 325 367 284
258 –16 256 237 279 274
352 –10 100 331 373 362
263 –16 256 242 284 279
191 –10 100 170 212 201
237 –8 64 216 258 245
339 0 0 318 360 339




cr = 21 1.  MPa
Тable 5
Equation validation evaluation Kwr = y2 = f2(x1, x2, x3)
y2calc, % (y2calc–y2exp), % (y2calc–y2exp)2, %2 y2–, % y2+, % y2exp, %
7 0.8 0.64 6 8 6.2
9 –2.54 6.4516 8 10 11.54
9 –0.57 0.3249 8 10 9.57
10 0.56 0.3136 9 11 9.44
11 0.2 0.04 10 12 10.8
9 0.81 0.6561 8 10 8.19
10 0.3 0.09 9 11 9.7
12 –0.27 0.0729 11 13 12.27
9 –0.7 0.49 8 10 9.7
9 0.74 0.5476 8 10 8.26
9 –2.07 4.2849 8 10 11.07
11 1.81 3.2761 10 12 9.19




cr = 1 1. % 
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Table 5 shows that out of 13 experimental points, only 3 points fell outside the confidence 
interval, so the conclusion regarding the predictive capabilities of this model is the same as for the 
model σb = y1 = f1(x1, x2, x3).
The visual results of the validation of the mathematical model are shown in Fig. 2, 3.
For practical application of the obtained mathematical models (7), (8), their normalized form 





























































































































































































































































































Fig. 2. Regression equation validation results σb = y1 = f1(x1, x2, x3)









































The resulting models can be used in almost two ways.
Method 1 «design».
This method is used at the design stage of the mixer assemblies and consists in the fact that 
the designer assigns the optimal chemical composition of cast iron for the blades according to the 
criterion of maximum strength, which must be provided at the stage of blades delivery. The choice 
of just such an optimality criterion is justified by the fact that an increase in the ultimate strength 
makes it possible to reduce the mass and size characteristics of the blades, which directly follows 
from the condition:
 σ σb bS n S S
S
n1 1 1 2 2
1[ ] = [ ] → = ,  (11)
where n – ratio of the tensile strength of the chemically optimized cast iron ([σb2], MPa) to the ten-
sile strength of the chemically-optimized cast iron ([σb1], MPa), n = [σb2]/[σb1], S1, S2 – working area 
section of a blade of a typical design and an optimized design, respectively, m2.








0,  y1 → max.  (12)
When choosing the wear resistance coefficient as a criterion for optimizing the coefficient 









0,  y2 → max.  (13)
Table 6 shows the results of calculating the optimal chemical composition and the expected 
optimal indicators of mechanical properties.
Table 6
The results of calculating the optimal chemical composition and the expected optimal indicators of 
mechanical properties
Optimal chemical composition  
in standardized form, %
Optimal chemical composition  
in natural form, %
Optimal mechanical  
properties
x1 x2 x3 C Ceq Ti σb, MPа Kwr, %
0.294 0.188 –0.039 2.94 3.3 1.56 391 –
0.01 –0.064 –0.0006 2.78 3.14 1.61 – 12
Table 6 shows that the optimal chemical composition for one mechanical property does 
not correspond to the optimal chemical composition for another mechanical property, although 
they are close. Therefore, when choosing the ultimate strength as a priority property, the chemi-
cal composition C = 2.94 %, Ceq = 3.3 %, Ti = 1.56 % should be assigned. Substitution of these va-
lues into equation (10) gives the maximum indicator of the wear resistance coefficient Kwr = 12 %, 
which indicates the possibility of varying the optimal chemical composition, setting its range: 
C = (2.78–2.94) %, Ceq = (3.14–3.3) %, Ti = (1.56–1.61) %. However, this conclusion is of a particular 
nature and is not unambiguous in the general case.
Method 2 «operational».
This method is used if, during operation, it becomes necessary to replace worn out blades 
and manufacturers offer different batches that differ in the chemical composition of cast iron. 
In this case, it is necessary to set the operational requirements for the mechanical properties in the 
form of ranges σ σb b≥ [ ], K Kwr wr≥ [ ], where σb[ ], Kwr[ ] is the minimum required guaranteed value 
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of the ultimate strength and wear resistance coefficient, respectively. The batch should be chosen 
that ensures that both of these conditions are met. For example, manufacturers offer 10 batches 
of blades, different in chemical composition (Table 7). It is necessary to select those parties that 
ensure the simultaneous fulfillment of the following conditions: σb ≥ 300  MPa, Kwr ≥ 10  %. An 
example of a solution is illustrated in Table 7, in which the last two columns show calculations 
using mathematical models (7), (8) (in normalized form) or (9), (10) (in kind).
Table 7
An example of the practical application of a mathematical model to select a batch of blades that meets the 
selected criteria
Series
Chemical composition in natural form, % Chemical composition in standardized form Mechanical properties
C Si Mn Ceq Ti x1 x2 x3 σb, MPa Kwr, %
1 2.5 0.95 0.6 2.767 0.8 –0.487 –0.646 –0.609 281 9.7
2 2.9 1.1 0.6 3.212 0.8 0.221 0.045 –0.609 348 10.6
3 3.1 1.2 0.9 3.433 0.3 0.575 0.388 –0.985 320 8.4
4 3 1.6 0.9 3.453 2.9 0.398 0.419 0.97 253 7.8
5 2.95 1.4 0.8 3.346 2.9 0.31 0.253 0.97 326 8.6
6 2.4 1.4 0.8 2.796 2.85 –0.664 –0.6 0.932 256 8.4
7 2.4 1.2 0.8 2.736 2.85 –0.664 –0.694 0.932 272 5.4
8 2.5 0.95 0.8 2.761 2 –0.487 –0.655 0.293 262 10.4
9 2.7 0.95 1 2.955 2 –0.133 –0.354 0.293 266 11.2
10 3.2 1.5 1 3.62 2.9 0.752 0.679 0.97 315 7.7
Table 7 shows that only series No. 2 meets both conditions. It is this batch that should be 
taken from the supplier.
4. Conclusions
The obtained mathematical model in the form of two regression equations σb = f1(C; Ceq; Ti) 
and Kwr = f2(C; Ceq; Ti) makes it possible to carry out a targeted choice of the chemical composition 
that provides the maximum possible value of mechanical properties – ultimate strength and wear 
resistance coefficient. The optimization of the chemical composition, carried out according to this 
model, made it possible to determine the following chemical composition:
– C = 2.94 %, Ceq = 3.3 %, Ti = 1.56 %, providing the maximum ultimate strength 
σb = 391 MPa;
– C = 2.78 %, Ceq = 3.14 %, Ti = 1.61 %, providing the maximum wear resistance coefficient 
Kwr = 12 %.
It has been established that ensuring the optimal chemical composition in terms of ultimate 
strength also ensures the optimal wear resistance coefficient, which allows to assign the following 
range in terms of chemical composition: C = (2.78–2.94) %, Ceq = (3.14–3.3) %, Ti = (1.56–1.61) % 
if it is necessary to simultaneously satisfy both optimality conditions.
In the case of priority of the strength criterion, the calculated optimal chemical composition 
makes it possible to reduce the weight and size characteristics of the mixing units of the mixers.
The obtained mathematical model can be used in two ways: design and operational. The 
first allows designers to prescribe the optimal chemical composition of cast iron for the blades 
according to the criterion of maximum strength, which must be provided at the stage of supply of 
the blades. The second allows to choose the batch of supplied blades that meets the specified ope-
rational requirements for strength and wear resistance.
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